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ABSTRACT
Microtubules play significant roles in transporting cargos within the cell, as well as cell
cycle. They are essentially the highway for the transportation of cell organelles. Understanding the
interactions among microtubule components are crucial for the treatment of neurodegenerative
diseases and cancer. In this study, we utilize series of computational approaches to study the
electrostatic interactions at the binding interfaces of interacting tubulin monomers. Our study
revealed that the electrostatic attractive interactions in the αβ tubulin dimer is the strongest while
the interaction between two αβ tubulin dimers in the longitude direction is the weakest. The result
identified the several residues at the binding interfaces as potential drug targets for theinhibition
of cancer cells.
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CHAPTER 1: INTRODUCTION
1.1

Objectives

Our research goal is to use multi-scale computational methods to study the tubulin-tubulin
electrostatic interactions.
1.2

Microtubules and Tubulin Subunits

Microtubules are cytoskeletal structures that play important roles in eukaryotic cell
structure. They are responsible for the movement of cellular structures such as chromosomes,
mitotic spindle, and other organelles within the cell [1]. They are dynamicstructures of rigid hollow
tube; the outer diameter is approximately 25nm wide and the inner diameter is 17nm wide. The
length of microtubules can vary from nanometers to a millimeter in length. They continually
undergo growth and shrinkage within the cell (figure 1.1). Microtubulescan change length because
they are composed of smaller protein subunits (figure1.1). The protein is called tubulin and
microtubules consists of alpha (α)- and beta (β)- tubulin subunits. The α– andβ-tubulin subunits are
bound together to form a lager subunit called dimer. The α– and β-globularprotein polymerizes to
form 13 protofilaments that bind laterally to form polar cylindrical microtubules. They are
generally arranged in a head-to-tail formation; this polar structure has β- tubulin exposed in the
plus end and α-tubulin exposed in the minus end which determines the direction of movement of
molecular motors (kinesin and dynein) along the microtubule.
Microtubules constantly undergoes polymerization and depolymerization, a process known
as dynamic instability. During dynamic instability, microtubules tubulin subunit will associate and
disassociate significantly from the microtubules plus end. The polymerization and
depolymerization process is primarily due to the rate of guanosine triphosphate (GTP) hydrolysis
1

to guanosine diphosphate (GDP). The hydrolysis renders the GDP bound β-tubulin highly unstable
as the stored energy in the microtubule lattice is released; when a critical number of GDP-tubulin
contained at the tip of the microtubules is reached, it results into rapid depolymerization of the
microtubules. GTP binds to tubulin dimers in two locations: the nonexchangeable-site (N-site),
between the α- and β-tubulin subunit, and at the exchangeable-site (E-site), on top of the β-tubulin
subunit. The hydrolysis of GTP happens only at the E-site when a tubulin binds.
Currently, we understood that kinesin motors bond to certain cargoes move toward the
microtubules plus-end in an anterograde axonal transport, and dynein and some kinesin towards
the minus-end. But there is little understanding on how some materials are targeted to the axon.
Abnormalities in the transport mechanism along the microtubules has been linked to some
neurodegenerative diseases and cancer growth [2]. A defect in the transport mechanism on the
microtubules may complicate a variety of human diseases or play an important role in recovery.
Microtubules is central to the proper function of this mechanism. Hence, the importance in the
understanding of its composition, properties, assembly, and disassembly. α andβ-tubulin subunit
are the basic structural unit of microtubules. They contain two unidentical binding sites: the N-site
(non-exchangeable) at α–tubulin binds GTP (guanosine triphosphate) molecules and the E-site
(exchangeable) at β-tubulin can bind either GDP or GTP. [3] The combination of protein-protein
docking and MD-simulation suggested that the features of αβ-tubulin dimers are primarily
responsible for microtubules dynamic behaviors. Further analysis of MD-simulation of tubulin
dimers revealed that interdimer flexibility is significant to tubulin assembly [4]. Brownian
Dynamic simulation of tubulin dimers also indicated that MD potential energy at the lateral bond
is weak, so longitudinal bond is required for microtubules assembly [5].
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Hydrogen bond is significant to the stability of microtubules. Ayoub et al. (2014) revealed
that lateral hydrogen bonds are significantly stronger than longitudinal ones. However, this could
be due to the presence of GTP cap in the β subunit [5], also, we could state thatthe lateral hydrogen
bond strength was because similarly charged subunits are closely packed in lateral orientation.
Notwithstanding, electrostatic interaction is expected to be more destabilizing in the lateral
orientation than the longitudinal ones. Our study was focused on tubulin-tubulin electrostatic
interaction at four binding interfaces in the absence of a binding agent.
As shown in figure 2.1, we studied the electrostatic interaction at different interfaces in
tubulin-tubulin complex using MD simulation. We analyzed the electric field lines, the salt
bridges, the hydrogen bond, and the electrostatic forces along the interfaces to identify the
interaction with the strongest electrostatic binding potential. The electrostatic binding potentials
were calculated, the binding force was strongest in the αβ-tubulin complex.

3

Figure 1.1: Graphical structure of microtubules and alpha/beta-tubulin dimers. Assembly and
disassembly of the microtubules by the hydrolysis of GTP-tubulin dimers attached to β-tubulin.
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CHAPTER 2: METHODS
2.1

Structure Preparation

The tubulin dimer used in this study was downloaded from the Protein Data Bank (PDB
ID 5ND7) [6]. Chimera was used to visualize the complete structure of the tubulin αβ-dimer bound
to kinesin-like protein KIF20A molecular motor belonging to the kinesin 6 family (figure 2.1A).
To study the electrostatic interactions of α-tubulin and β-tubulin, the KIF20A kinesin-like
molecular motor in the structure was removed. Swiss Model [7] was used to model a 4x4 array of
α-tubulin and β-tubulin (figure 2.1B) using the template of 5MLV structure obtained from the
protein data bank. Four binding interactions in the lateral and longitudinal interfaces of each
tubulin were identified at the binding interfaces of individual α-tubulin and β-tubulin subunit, the
binding interactions between tubulin dimers αα, αβ, βα, and ββ were calculated (figure 2.1B).

5

Figure 2.1: 5ND7 structure of Alpha (α), Beta (β), and KIF20A kinesin-like molecular motor
obtained from the PDB. (A). 5ND7 structure as obtained from the PDB. α-tubulin colored lime
green, and β-tubulin colored dark green is of Bos taurus and KIF20A kinesin-like molecular motor
is of Mus musculus colored orange. (B). Modeled 4x4array of microtubule tubulin. Lime green
tubulin represents α-tubulin in this study and dark green tubulin represents β-tubulin. The
interaction of the tubulins at the areaof interest was studied for αα, αβ, βα, and ββ complexes.
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2.2

Electrostatic Potential

We calculated the electrostatic potential of the tubulin dimers using DelPhi [8], [9]. DelPhi
calculates the electrostatic potential by using a finite difference method to solve the PoissonBoltzmann equation for biomolecules.

∇. [ε(r) ∇ ϕ(r)] = -4πρ(r) + ε(r)κ2(r)sinh(ϕ(r) /kBT)

(1)

where ϕ(r) is the electrostatic potential, ε(r) is the dielectric distribution, ρ(r) is the charge density
based on the atomic structures, κ is the Debye-Huckel parameter, kB is the Boltzmann constant,
and T is the temperature.
The calculated electrostatic surface potential was visualized with USCF Chimera [10]. Visual
Molecular Dynamics [11] was utilized to visualize the electric field lines between the dimers based
on the electrostatic potential map from Delphi. The dimers were separated by 20 Å to improve the
visualization of the field lines in our area of interest (figure3.1). For the Delphi calculation, the
PQR file of each chain was generated using PDB2PQR. The dielectric constants were set at 2.0
for protein and 80.0 for the water environment respectively. The protein filling percentage of the
Delphi calculation box (perfil) was set to 70.0, the probe radius for the molecular structure was 1.4
Å and salt concentration was set at 0.15 M. The boundary condition for the Poisson Boltzmann
equation was set at dipolar boundary condition. The calculated electrostatic potential was
visualized with chimera and VMD was used to visualize the electric filed line. The lines represent
the electric field lines between the tubulin dimers. The colorscale range was set from -4.0 to 4.0
kT/Åe.
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2.3

Molecular Dynamic Simulations

The interactions at the binding interfaces of αα, αβ, ββ and βα tubulin complexes (figure 2.1B)
were simulated. Molecular Dynamic (MD) simulation with an implicit solvent model [12] were
carried out using NAMD on GPUs at the Texas Advanced Computing Center (TACC). The
CHARMM36 force field [13] was used, the dielectric constant for protein was set at 2 and 80 for
the solvent. The temperature for the simulation was set at 300K and the pressure was set as standard
using the Langevin dynamics. Theminimization was set as 5000-steps for each simulation. A 10ns
simulation was performed on each of the four-tubulin complexes from which one thousand frames
were obtained. The root mean square deviation (RMSD) analysis (figure 3.2) show the simulated
structures are more stable in the last 5 ns than the first 5 ns during the MD simulations. We
extracted the last 5 ns data for further data analysis.
To study the role of individual residues in electrostatic interactions, we calculated the
number of hydrogen bonds that exist within 3.0 Å distance between the residues of two interacting
tubulin subunit using the VMD H-bond tools. Also, we analyzed salt bridges that were formed
within 4.0 Å in each binding interface by calculating their percentage occupancy (table 3.1) during
the MD simulation.
Salt bridges from the MD simulations were identified by using VMD salt-bridge tool. The
interfacial residues which contribute significantly to the binding interactions were identified.
Simulations of αα, αβ, βα, and ββ complexes were done for 10ns, each which resulted in
1000 frames for each complex. Salt bridges formed in the last 5ns of the simulation were analyzed.

8

2.4

Electrostatic Binding Forces

To compare the strengths and directions of electrostatic forces between alpha tubulin
subunit and beta tubulin subunit, DelPhiForce was implemented to perform the force calculations
[14], [15]. As mentioned above, the structures at each distance of alpha tubulin subunit and beta
tubulin subunit were used to calculate binding forces. The electrostatic binding forces calculated
by DelPhiForce were visualized with VMD and represented by arrows. Forces are shown with
different alpha tubulin-beta tubulin distances from 12 to 40 Å with a step size of 4 Å. The alpha
tubulin subunit and beta tubulin subunit are separated in the direction of their mass centers
connection line [16]. For better visualization of force directions in VMD [9], arrows were
normalized to be of the same size at variable distances, which shows only the direction of each
force without considering its strength by sizes. The force directions trend was illustrated in figure
3.7 and the magnitudes of the total electrostatic binding forces were visualized in figure 3.8.
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CHAPTER 3: RESULTS AND DISCUSSION
3.1

Electric Field Lines

The charge distribution and electric field lines in each binding interface showed an
interesting pattern. The αα interfaces have weak repulsive interaction between tubulins in the
complex. The electric field lines coming from both αα tubulins repel each other, this is because of
the equal distribution of red (negative) and blue (positive) electrostatic potential across the binding
interfaces in consideration (figure 3.1A). The binding interfaces between ββ-dimer is attractive
only at a small area within the interfaces. It can also be seen that very few electric field lines are
involved in the interaction (figure 3.1B), which is generated by a relatively small attractive
electrostatic binding potential. However, at the αβ complex (figure 3.1C), the binding interface of
α-tubulin is predominantly negatively charged while the binding interface of β-tubulin is
predominantly positively charged. This αβ interfaces produce the strongest electrostatic binding
interaction among all the possible binding interfaces in this study. This is evident with the very
dense electric field lines involve in the interaction (figure 3.1C). Finally, the electric field lines at
the βα-interfaces show repulsive interaction (figure 3.1D) similar to the weak repulsive interaction
of the αα interfaces.
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Figure 3.1: Electric field lines at the interfaces of two interacting tubulins in our area of interest.
The electrostatic surfaces and field lines are rendered by Visual Molecular Dynamics(VMD) with
a color scale of -4.0 to 4.0 kT/Å; Negatively and positively charged areas are colored red and blue
respectively. An overview of electric filed lines between (A) αα-tubulin complex. (B) ββ-tubulin
complex. (C) αβ-tubulin complex. (D) βα-tubulin complex.
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Figure 3.2: RMSD plot of αβ, αα, ββ, and βα- tubulin MD simulation

3.2

Hydrogen Bond

The hydrogen bond cut-off distance between the donor-acceptor in this study was set as
3.0 Å and the angle cut-off was 20°. Hydrogen bond at the binding interfaces of αα, αβ, βα and ββ
tubulin complexes were calculated based on MD simulations and were analyzed using the VMD
H-bond tool. The αβ interfaces have 11.04 hydrogen bonds per frame on average with 13 donoracceptor amino acid pairs responsible for about 40% occupancy in the hydrogen bond formed
(figure 3.3A). All the 13 hydrogen bond residue pairs also form salt bridges (table 3.1). The αα
interfaces have 2.51 hydrogen bonds per frame on average. α1ASP120-α2ARG308, α1THR56α2GLU290, α1ASP127-α2ARG339, and α1LYS124-α2GLU297 are the four donor-acceptor amino acid
pairs responsible for over 40% occupancy in αα-tubulin complex (figure 3.3B). Three of the
hydrogen bondresidue pairs also form salt bridges (table 3.1). The hydrogen bond formation in the
ββ interfaces have 2.65 hydrogen bonds per frame on the average (figure 3.3C). 3 donor-acceptor
amino acid pairs β1ASP90-β2ARG278, β1ARG79-β2PHE214, and β1ASP76-β2ARG215 are responsible
for about 40% occupancy in the hydrogen bond formation. Two of the hydrogen bond residue
12

pairs form salt bridges (table 3.1). Lastly, the βα-tubulin complex has the least hydrogen bond at
the interface, 1.37 hydrogen bond per frame was formed on the average; Two donor-acceptor
amino acid pairs βARG401-αVAL437 and βARG401-αASP345 contributes about 40% (figure 3.3D)
of the occupancy.One hydrogen bond residue pair also formed a salt bridge (table 3.1).
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Figure 3.3: Hydrogen bonds at the interfaces of αβ, αα, ββ and βα-tubulin complexes with their
occupancies. (A) Occupancies of 25 pairs of hydrogen bonds (with a cutoff value of10%) forming
at the interface of αβ-tubulin complex. (B) Occupancies of seven pairs of hydrogen bonds (with a
cutoff value of 10%) forming at the interface of αα-tubulin complex. (C) Occupancies of six pairs
of hydrogen bonds (with a cutoff value of 10%)forming at the interface of ββ-tubulin complex. (D)
14

Occupancies of three pairs of hydrogen bonds (with a cutoff value of 10%) forming at the interface
of βα-tubulin complex. (NB: The occupancy above 100% is because a given residue pair may
contain more than one H-bond).

Figure 3.4. Residue pairs forming more than one hydrogen bond at the interface of αβ-tubulin
complex. Blue labelled residues are of α-chain and red labelled residues are of β- chain.
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3.3

Salt Bridges

The interfaces in the αβ- tubulin complex have the highest number of salt bridges (figure
3.5A), the interaction forms 13.62 active salt bridges per frame on average, 17 residue pairs of the
salt bridges are very important because they are the most stable; with an occupancy rate above
40% (table 3.1), Arginine (Arg, positive amino acid) and Aspartic acid (Asp, negative amino acid)
are the dominant residues in the αβ- tubulin interfaces (figure 3.6A). The binding interfaces of ααtubulin complex have 6.4 salt bridges per frame on average, eight residue pairs of the salt bridges
have occupancy rate above 40% (table 3.1), Glutamic acid (Glu, negative amino acid) is the
dominant residue in the interaction; positive amino acid residues, Lysine (Lys) and Arginine (Arg)
formed equal number of residue pairs with negative amino acid residues in the interfaces (figure
3.6B). Also, ββ-tubulin interfaces have, 3.27 active salt bridges per frame on average, four
amino acid residue pairs are responsible for over 40% occupancy in the salt bridges formed at the
interfaces (table 3.1), Aspartic acid and Arginine are the dominant residues in the interfaces
(figure 3.6C). Similarly, the βα-tubulin interfaces have 3.11 active salt bridges per frame on
average. All the 5amino acid residues form salt bridges with over 40% occupancy (table 3.1),
Aspartic acid and Lysine are the most dominant residues in the salt bridges formed at the interfaces
(figure 3.6D).
Our results showed that ββ-tubulin and βα-tubulin interfaces have the weakest salt bridge
formation (figure 3.5C & figure 3.5D). RMSD analysis showed that ββ-tubulin and βα-tubulin
complexes exhibited high flexibility for the duration of the 10ns MD simulation, this further
confirms why they both have weak hydrogen bonds and weak salt bridges are formed at the
interfaces of ββ- and βα-tubulin complexes. However, αβ-tubulin interaction has the strongest salt
bridge formation, consistent with our electric field lines, RMSD and hydrogen bond analysis
16

which shows that αβ-tubulin interface have the strongest electrostatic interaction. With this result,
there exists a strong correlation between root mean square deviation of protein residues and salt
bridge formation.

Figure 3.5: Residues with highest occupancy at the binding interfaces. α chain residues are labelled
blue or purple and β chain residues are labelled red or orange. (A) Residue pairs thatform the αβ
salt bridge interaction. (B) Residue pairs that form the αα salt bridge interaction. (C) Residues pairs
that form the ββ salt bridge interactions. (D) Residuespairs that form the βα salt bridge interactions.
17

Figure 3.6: Residue distribution across the binding interfaces of interacting tubulin sub-units.
Color coded based on their level of percentage occupancy. Pink colored residues arethose with
over 66.6% occupancy and the purple-colored residues are between 33.3%and 66.6% occupancy.
The residues with the least occupancy < 33.3% are colored lime green. (A) Residues forming salt
bridges at the interface of αβ-tubulin complex.(B) Residues forming salt bridges at the interface of
αα-tubulin complex. (C) Residues forming salt bridges at the interface of ββ-tubulin complex. (D)
Residues forming salt bridges at the interface of βα-tubulin complex. (* indicates residues withmore
than one salt bridge interaction).
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Table 3.1. Active salt bridges in the last 5ns of the MD simulation arranged in descending order
of the occupancy. (Chains A & C are α-tubulins while chains B & D are β-tubulins).
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3.4

Electrostatic Forces

Electrostatic forces between α- and β- tubulins were calculated by DelPhiForce (Figure 3.7).
Arrows in figure 3.7 are shown to visualize the net forces between α- and β- tubulins by shifting
the beta tubulin away from α-tubulin by variable distances ranging from 12 Å to 40 Å with the
step size of 4 Å. The direction of arrows represents the force directions. To better visualize the
direction of the net forces, the magnitudes of the net forces were normalized to be of the same size
at different distances. Therefore, the size of the force does not represent the force strength. The
force strengths were calculated and analyzed in the force strength section.

20

Figure 3.7. The binding force directions between α-tubulin and β-tubulin with the distances from
12 Å (dark green) to 40 Å (orange) with the step size of 4 Å, where the blue arrows show the net
force directions (A) Front view; (B) Top view.
From figure 9, it is clear that β-tubulin has attractive forces to α-tubulin at distances ranging
from 12 Å to 40 Å. The directions might have slight difference at each distance, but the overall
trend are attractive forces. Since the arrows in figure 3.7 do not show the force strengths
information, we plotted the force strengths in figure 3.8 using R language with ggplot2 package
[17].
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3.4.1

Force Strengths

To demonstrate the force strengths between α-tubulin and β-tubulin, we visualized the
values from DelPhiForce calculations (figure 3.8).

Figure 3.8. The trends of total electrostatic forces between α-tubulin and β-tubulin.
𝐹=𝐾

𝑞1 𝑞2

(2)

𝑟2

From the trends in figure 3.8, the electrostatic binding force decrease when the distance
increases, which obeys the Coulomb's law (equation 2), where F is the electric force, k is the
coulomb constant, q1, q2 are the charges and r is the distance of separation. And we also noticed
that at distance 40 Å, the electrostatic binding force is very close to 0 kT/Å, which means that at
this distance, the tubulins tend to not bind with each other anymore.
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CHAPTER 4: CONCLUSION
We investigated and analyzed the electrostatic interactions among tubulin subunits in
microtubules at the different interfaces. Four possible binding interfaces were found for tubulintubulin interactions. The interactions at the interfaces were analyzed utilizing various
computationaltools. Our results showed that αβ-tubulin complex has the strongest electrostatic
attractive interaction at the binding interface and βα-tubulin complex has the weakest electrostatic
interaction at the interface. The RMSD analysis based on 10 ns MD simulations showed ββ- and
βα-tubulin complexes yield high RMSDs, while the αβ-tubulin and αα-tubulin complexes have
relatively low RMSDs. Especially the αβ-tubulin has the lowest RMSD, which means the
interaction at the αβ-tubulin interfaces is the strongest. We assume that β-tubulin subunit is very
flexible as seen in the RMSD analysis (Figure 11), and that the stability seen in the αβ and αα
formation is due to the contribution of α-tubulin subunitto the stability. Further investigation into
the stability of β-tubulin subunit can be done when interacting with a molecular motor (kinesin or
dynein), and it can be expected that the β-tubulin will have more stability. Also, we can study the
interaction on the addition of GTP cap since it could reveal if the rapid depolymerization at the
plus end of microtubules is influenced by the flexibility of the β-tubulin subunit. In addition, it can
be concluded that the rigidity of microtubules is largely due to the strong electrostatic binding
interaction of the αβ-tubulin complex. This study focused on the electrostatic interactions, and our
results demonstrated that electrostatic plays an important role in microtubules stability and cell
cycle. The strong interactions between αβ-tubulin dimers made it a potential drug target for the
inhibition of cancerous cells.
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Figure 4.1. RMSD analysis of α-tubulin and β-tubulin subunits. (A) RMSD analysis of α-tubulin
and β-tubulin subunits in the αβ-dimer. (B) RMSD analysis of α-tubulin and β-tubulin subunits in
the βα-dimer.
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